Arteriosclerotic and nonarteriosclerotic rats were given isoproterenol sufficient to cause massive myocardial injury. Hearts, livers, and kidneys were taken for analysis of the connective tissues at various intervals. Mucopolysaccharide was identified as Hale-positive material digestible with testicular hyaluronidase. Hexosamine and hydroxyproline were determined by chemical means. The changes in the connective tissue following infarction were divided into two phases. The first, occurring 1 to 2 days after the induction of necrosis, was characterized by extensive edema, accumulation of hexosamine, and by histologically demonstrable mucopolysaccharide. The second phase, 3 to 7 days after infarction, was characterized by changes typical of wound healing in general, involving both mucopolysaccharide and collagen deposition in foci of myocardial scar tissue formation. The increase in hexosamine was the same in arteriosclerotic breeder animals, which required one-half the dose of isoproterenol, as in virgin animals receiving the full dose of isoproterenol. Since the dose was selected to produce relatively the same degree of necrosis in each type of animal, it was thought that the increase in hexosamine was directly related to the injury and not to the isoproterenol per se. No comparable increase in hexosamine was observed in either the liver or kidney.
greater cardiotoxic effects (4) but lacks the overall body toxicity exhibited by the naturally occurring sympathomimetic amines. Thus a dose may be selected that will produce myocardial lesions of relatively uniform severity with a predictable survival rate. Many factors affect the seventy of the lesions in rats. Primary among these are age, sex, breed, and body size (5) , reproductive history (6), environmental conditions (7) , and the presence or absence of preexisting arteriosclerosis (8) .
At autopsy, the hearts of rats that received a dose of isoproterenol sufficient to cause extensive myocardial necrosis show a definite sequence of grossly visible pathological 202 JUDD, WEXLER changes (6). The myocardium shows an abnormal blanching and dryness within a few hours after injection. This is followed by the development of soft, blotchy, reddish areas of hemorrhage and later by the appearance of large yellow-brown areas on the surface of the heart. This discoloration coincides with the leukocytic infiltration seen histologically. The apical portion of the heart is the first to undergo necrosis (1, 6) . With increasing myocardial damage the necrosis also becomes visible in the upper left ventricle and in the right ventricle, and in cases of massive infarction, throughout the heart, including the atria.
Rona et al. (1, 9, 10) and Wexler and Kittinger (6) have described the histopathological features of isoproterenol-induced myocardial infarction. Microscopic examination of the injured heart indicates that there is separation of muscle fibers, edema, and hemorrhage. Individual muscle fibers are swollen, nuclear degeneration occurs, and there is disintegration of the sarcoplasm into granular material which is intensely eosinophilic. Reactive changes around the necrotic muscle fibers involve capillary dilatation and leukocytic infiltration with a few histiocytes and fibroblasts. Rona et al. (1) reported a very rapid proliferation of fibroblasts around the necrotic muscle fibers during the first 48 hours following injection. Wexler and Kittinger (6) observed intense accumulation of acid mucopoiysaccharide and scattered droplets of lipid in the heart during the active phase of necrosis. As the cardiac necrosis begins to subside, the edema disappears and the cellular infiltration becomes greatly reduced, leaving areas of damaged muscle surrounded by fibroblasts and remnants of viable cardiac tissue.
Particularly striking is the marked fluctuation of myocardial mucopolysaccharides between the early necrosis and repair phases. Of additional interest is the comparatively rapid clearance of myocardial cellular infiltrate and resolution of damage in rats with isoproterenolinduced myocardial infarction. The present study was undertaken to investigate more fully the role of these connective tissue changes in connection with myocardial repair. The biochemical and histopathologic changes described in this paper pertain to the connective tissue changes which occur during the necrosis and early repair processes, i.e., during the first week following injury.
Materials and Methods
Mature virgin or breeder Sprague-Dawley rats were used in all experiments. The breeder rats were repeatedly bred, with no rest between litters, and had sired or borne and nursed four to five litters of young. These breeder rats develop arteriosclerosis and other degenerative diseases spontaneously (11) . Virgin rats of the same age do not develop spontaneous arterial lesions. Variations in sex, breeding history, or other conditions which differ from the following treatment will be designated under Results. Virgin rats were given two doses of isoproterenol hydrochloride 1 subcutaneously, each containing 50 mg/100 g body weight, spaced 24 hours apart. Arteriosclerotic breeder rats received two injections containing 25 mg/100 g body weight. In virgins or breeders, the isoproterenol administered was sufficient to cause extensive myocardial necrosis while allowing approximately two-thirds of the treated animals to survive (12) . However, the fact that a large number of the treated animals did not survive imposed certain limitations on the experimental design. Wherever comparisons were to be made between the responses at various time intervals, the following procedure was followed. A group of animals of the same age, sex, history of breeding, and of uniform weight was selected for the experiment. These animals were randomly divided into two groups, one to serve as controls, the other for treatment with isoproterenol. After each time interval, a group of the required size was randomly selected from the surviving animals for autopsy.
The animals were killed by decapitation. The tissues for chemical analysis were removed immediately, rinsed in isotonic saline, blotted on absorbent paper, and weighed. The right and left ventricles of the heart were opened to allow thorough rinsing. The tissues were weighed, placed in acetone and cut into small, discrete sections to allow rapid penetration of the solvent. After this preliminary dehydration, the samples were extracted for 24 hours in an extraction apparatus of the Soxhlet type with acetone. The CONNECTIVE TISSUE AND MYOCARDIAL NECROSIS 203 solvent was removed by warming to approximately 50°C in the open. The samples were then dried to a constant weight over anhydrous calcium sulfate in a vacuum desiccator. The weight of the tissue at this step was taken as the "lipid-free dry weight" and was used as a comparable basis for expressing the results of various analyses. The tissue was placed in a screw-capped culture tube with 5 ml of 2N T hydrochloric acid and heated to 95°C. The tube was then flushed with nitrogen, sealed with a Teflon-lined cap, and heating was continued for 3 hours. The tissue was then broken with a stirring rod, the tube was again flushed with nitrogen and resealed and heated for 15 hours. The hydrolysate was diluted to a known volume and the humin removed by filtration. ALquots were then taken for the determination of hexosamine or hydroxyproline. Total hexosamine was determined by the method of Boas (13) . Hydroxyproline was determined by the modified Stegemann method described by Woessner (14) .
Tissues taken for histological examination were removed as quickly as possible at autopsy and placed in 10% buffered neutral formalin solution (Lillie). After fixation was complete, the hearts were cut into sections which included the apex and lower right ventricle, the midventricles and interventricular septum, and the atria and upper portion of the ventricles. These sections were then dehydrated, imbedded in paraffin, and sectioned at 6fi. Of five serial sections taken from each area of the heart, one was stained with hematoxylin and eosin, one with Masson's trichrome stain, and one with Hale's stain (colloidal iron). Two of the sections were deparaffinized, rehydrated, and one section was digested with bovine testicular hyalurcnidase (Worthington) prior to staining with colloidal iron. The other section was treated in the same manner except that no enzyme was added to the digestion media.
Results

CHEMICAL STUDIES
The animals in the present work showed all of the gross pathological changes which have been described in detail previously (6). The edematous reaction in the injured heart was accompanied by an increase in dry weight. The changes in wet weight and in lipid-free dry weight of the hearts are shown in Figure  1 . Each point represents the mean of 25 animals, five from each of the following classes: virgin females, one-time breeder females, four-time breeder females, virgin males, and breeder males. The changes in wet and dry weight were essentially the same in each of these classes. There was an increase of 25% in the wet weight of the heart by the third day following isoproterenol, with a gradual return to normal by the seventh day. The increase in lipid-free dry weight followed essentially the same pattern as the wet weight, although the relative magnitude of the increase in dry weight was not as great. On the third and fourth days, when the dry weight increase was maximal, the percent increase compared to the controls was 16.4 and 17.3, respectively. The total hexosamine in the heart increased dramatically following isoproterenol injection, reaching a peak 2 days after the initial injection, and then declining to a relatively constant, but elevated level compared to the controls (Figs. 2 and 3 ). The change in hexosamine followed the same pattern in nonarteriosclerotic virgin and arteriosclerotic breeder animals, even though the arteriosclerotic animals have also been shown to have preexisting coronary artery involvement (15) . There were no significant differences between male and female animals in the total Days after injection The effect of isoproterenol treatment on the hexosamine content of the heart in nonarteriosclerotic virgin and artriosclerotic breeder female rats. injection
The effect of isoproterenol treatment on the hexosamine content of the heart in nonarteriosclerotic virgin and arteriosclerotic breeder male rats. myocardial hexosamine at any time, although the maximum increase was slightly less in the females in this experiment. It has been reported that similar degrees of myocardial damage, judged by gross and histological examination, could be produced in arteriosclerotic breeder rats with a dose of isoproterenol one-half that given to nonarteriosclerotic virgin rats (6). The absence of any noticeable difference in myocardial hexosamine in these two groups led us to investigate the effect of lower doses of isoproterenol. Six male rats (with normal arteries) for each dose level were given two injections of isoproterenol subcutaneously spaced 24 hours apart containing either 2, 4, 8, or 16 mg/100 g body weight. They were killed 3 days after the initial injection, and the hearts were removed and analyzed for hexosamine. The results are presented in Table 1 . Even at these lower dose levels, several animals died following the injection of the isoproterenol. The data for the wet weight, dry weight, and hexosamine content of the heart were analyzed by the methods for analysis of variance for data with a single classification (16) . No significant differences were found among the means for either the wet weights or the lipidfree dry weights (P>0.05), although the essentially consistent positive difference from the controls may indicate a real difference, detectable with larger numbers of animals. The change in the hexosamine content of the hearts was significantly different and was Circulation Research. Vol. XXV, August 1969 related to the dose administered (P<0.01). When statistical tests of all comparisons among the means were made using the Tukey method described by Snedecor (16), significant differences were found between the myocardial hexosamine levels of the controls and the 4, 8, and 16 mg dose levels, as well as between the 2 and 16 and the 4 and 16 mg dose levels.
Both the liver and the kidneys contained foci of necrosis and showed changes in function after isoproterenol administration (1, 8, 17) . However, there is no change in their hexosamine content comparable to that in the heart. Figure 4 shows the relative hexosamine levels in the liver and kidneys of virgin male rats treated with isoproterenol. The shaded area represents the hexosamine level in the heart of these same animals. The hexosamine content of the liver was very constant between animals, and the small differences between the levels at the various time intervals were significant (P<0.01). The differences between the means of the hexosamine content of the kidneys at the various time intervals were not significant (P > 0.05).
The hydroxyproline content of the heart was determined as an index of the collagenization or scar tissue formation taking place during repair of the isoproterenol-induced necrosis. The results of these determinations made during the first week after isoproterenol treatment are presented in Table 2 . The hydroxyproline level in the whole heart did Days after injection FIGURE 4 Changes in liver and kidney hexosamine content following isoproterenol treatment compared to changes in hexosamine content of the heart (shaded area).
not change significantly during the first 3 days, although a later study ( Table 3) indicated that there was some increase in areas of intense necrosis. However, by the fifth to seventh day, definite increases were observed. The amount of such increases was small, however, and varied between the different classes of animals used ( Table 2 ). The apex of the rat's heart manifests an unusual propensity to develop more extensive necrosis than other areas (1, 6) . Therefore, we compared the hexosamine and hydroxyproline content of the apex with an equivalent area of the upper left ventricle in an attempt to determine if the accumulation of these substances is related to the degree of necrosis or to a more generalized response of the heart, e.g., edema. Nonarteriosclerotic and arterio- Means ± SKM are given. * The probability, calculated from a (-test between the control and isoproterenol-treated groups, of observing a difference this great due to chance alone. sclerotic male rats were autopsied on the second and third days following isoproterenol treatment. On the second and third days following isoproterenol treatment the heart was removed, washed, and the discolored apex was dissected from the remaining tissue. An area of similar size but having a normal appearance was dissected from the upper left ventricle of the same heart, and the two pieces were analyzed for hexosamine and hydroxyproline. The data was paired for statistical analysis using a t-test for testing the difference between the two areas of the heart (16) . The results are presented in Table 3 . There was a definite increase in both hexosamine and hydroxyproline in the apex as compared to the selected area from the upper left ventricle. The increases were detected in both classes of animals.
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HISTOLOGY AND HISTOCHEMISTRY
One of the first histological changes in the myocardium following isoproterenol administration was the appearance of dilatations between muscle fasciculi, which became apparent within 4 hours after the first injection ( Fig. 5 ). These intermuscular spaces did not stain and appeared to be clear, and probably were edematous accumulations (1) . At this early time, there was no evidence of any cellular infiltration, and the sarcoplasm appeared normal.
One day later (4 hours after the second injection), the edematous intermuscular spaces became much more extensive (Figs. 6 Circulation Research, Vol. XXV, August 1969 and 7) and began to fill with blue-staining, Hale-positive material, i.e., mucopolysaccharide ( Figs. 7 and 8 ). No evidence of cellular infiltration or collagen deposition was apparent at this time. The Hale-positive material or mucopolysaccharide in the intermuscular spaces could be completely digested by the application of testicular hyaluronidase. However, when the mucopolysaccharide material was removed by digestion, the earliest cellular infiltrate did become evident. These cells appeared to be primitive mesenchymal cells. The intermuscular mucopolysaccharide had a "foamy" appearance, i.e., it seemed to be oriented into large, globular, nonstaining vacuoles (Fig. 8) . These globular spaces did not stain for lipid. It was at this time that the sarcoplasm became progressively more eosinophilic, granular, and necrotic.
Two days after the initial treatment with isoproterenol, the intermuscular spaces began to close, but remained completely filled with mucopolysaccharide with persistence of the globular pattern ( Fig. 9) . These same areas also stained positively with eosin, indicating the presence of proteinaceous material. Cellular infiltration, at this stage, was manifest ( Fig. 9 ), but no collagen formation could be detected even with the mucopolysaccharide removed.
By the third day the accumulation of mucopolysaccharides within the myocardium reached its peak. The dilated intermuscular spaces continued to close ( Figs. 10 and 11) , Apex of the myocardium of a Sprague-Dawley rat at autopsy 4 hours after a single injection of isoproterenol. There is a generalized dilatation of the intermuscular spaces, probably due to edema. The absence of any cellular infiltrate is notable. The sarcoplasm appears normal. Hernatoxylin and eosin stain. and there was intensification of the cellular infiltration which appeared to consist of round cells, i.e., mixed leukocytes and lymphocytes.
This white blood cell infiltration contributed to the yellow-brown discolorations seen grossly in the heart, i.e., on the surface of the MGURE 6 Myocardium 24 hours after the injection of isoproterenol. The intermuscular dilatation is manifest. Mucopolysaccharkles fill these spaces (cf. Fig. 7 ). Note the continued absence of any cellular infiltrate. Hematoxylin and eosin stain.
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FIGURE 11
Extensive cellular infiltration of the myocardium with leukocytes and lymphocytes, and proliferation of fibroblasts, 3 days after isoproterenol. Hematoxylin and eosin stain.
was not as intensely stained generally but stained very positively in the remaining damaged areas. However, all mucopolysaccharide was removed by digestion with hyaluronidase, whether it was generally dispersed or concentrated in the damaged areas. Collagen fibrils could now be seen in the necrotic areas especially if the obscuring effect of the mucopolysaceharides was removed by hyaluronidase digestion.
On the fourth day, the formerly dilated intermuscular spaces were virtually completely closed, mucopolysaceharides were definitely reduced except in remaining foci of on-going healing, and the diffuse cellular infiltration had disappeared. However, a great concentration of fibroblasts and a few round cells persisted about the foci of repair. It is in these foci where definite deposition of collagen became most manifest. These same changes obtain through the fifth day. By the sixth day, although a few foci of cellular reaction and persisting mucopolysaccharide accumulation still remained indicating some on-going repair, in the main, extensive areas of scar tissue formation had become most prevalent (Figs. 12 and 13).
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Discussion
One of the most prominent features of these investigations was the intensive mucopolysaccharide accumulations found during the edematous phase of the isoproterenol-induced myocardial infarction. The localization of the mucopolysaccharide within preexisting edematous spaces during the early postinfarct phase of the repair processes suggests that these substances may be involved either in the resolution of the edematous accumulations or in the preservation of the integrity of cardiac tissue until other aspects of the repair process become active. Particularly striking was the rapidity with which the mucopolysaccharide appeared within the edematous areas, especially since we were unable to demonstrate cellular elements, i.e., fibroblasts which are thought to be capable of synthesizing ground substance and connective tissue components, until later, i.e., 2 days. The observation that the mucopolysaccharide enters the edematous area after the accumulation of fluid in the tissue has begun further indicates that this material is indeed involved in repair and is not simply a manifestation of pathological infusion. An important consideration, but still a
